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Bacillus subtilis Glutamine Synthetase Controls
Gene Expression through a Protein-Protein
Interaction with Transcription Factor TnrA
enzymatic activity of GS is inhibited posttranslationally
by the covalent attachment of AMP to a specific tyrosine
residue, i.e., adenylylation (Rhee et al., 1989). This re-
versible protein modification is controlled by a signal
transduction system that also responds to the levels of
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glutamine (Jiang et al., 1998). In addition, GS is subject toBoston, Massachusetts, 02118
cumulative feedback inhibition by at least nine different
nitrogen-containing metabolites (Woolfolk and Stadt-
man, 1967). While each of these compounds partiallySummary
inhibits GS activity, together they can completely sup-
press enzyme activity.Bacillus subtilis TnrA, a global regulator of transcrip-
Bacillus subtilis, a low-GC Gram-positive bacterium,tion, responds to nitrogen availability, but the specific
utilizes a distinctly different regulatory paradigm to re-signal to which it responds has been elusive. Genetic
spond to nitrogen availability (Fisher, 1999). Nitrogen-studies indicate that glutamine synthetase is required
regulated gene expression in B. subtilis is controlled byfor the regulation of TnrA activity in vivo. We report
two proteins, GlnR and TnrA, both members of the MerRhere that the feedback-inhibited form of glutamine
family of transcription factors (Schreier et al., 1989; Wraysynthetase directly interacts with TnrA and blocks the
et al., 1996). When nitrogen sources are in excess, GlnRDNA binding activity of TnrA. Mutations in the tnrA
represses the synthesis of glutamine synthetase (Schreiergene (tnrAC) that allow constitutive high level expres-
et al., 1989), urease (Wray et al., 1997), and TnrA (Fisher,sion of tnrA-activated genes were isolated and charac-
1999). By contrast, TnrA functions when nitrogen is lim-terized. Feedback-inhibited glutamine synthetase had
ited and can be either an activator or repressor of genea significantly reduced ability to block the in vitro DNA
transcription. TnrA activates the expression of the genesbinding by three of the TnrAC proteins. Thus, glutamine
for ammonium transport (amtB- glnK, originally calledsynthetase, an enzyme of central metabolism, directly
nrgAB; Wray et al., 1994, 1996), asparagine degradationinteracts with and regulates the DNA binding activity
(ansZ; our unpublished results), -aminobutyrate trans-of TnrA.
port (gabP; Ferson et al., 1996), nitrate assimilation
(nasA; Wray et al., 1996), nitrite assimilation (nasDEF;Introduction
Nakano et al., 1998), urease, (ureABC; Wray et al., 1997),
kipI (Wang et al., 1997), ykzB-ykoL (Robichon et al.,A fundamental question in cellular physiology is how
2000), and its own gene (Fisher, 1999; Robichon et al.,cells recognize and respond to changes in their environ-
2000), while repressing the synthesis of glutamine syn-ment. Even when the protein that directly controls tran-
thetase (Wray et al., 1996) and glutamate synthase (Belit-scription is known, it is necessary to identify the relevant
sky et al., 2000).physiological signal and the protein(s) that sense and
The enzymatic activity of the B. subtilis GS is alsoinduce the cellular responses to this signal. Most models
controlled differently than in enteric bacteria. While thefor the regulation of gene expression in prokaryotes are
glutamine synthetases from B. subtilis and enteric bac-variations of the mechanism first described by Jacob
teria are both subject to feedback inhibition, the Bacillusand Monod (1961). Typically, a metabolite functions as
enzyme is distinct in that its biosynthetic activity is inhib-the physiological signal and alters gene expression by
ited by glutamine (Deuel and Prusiner, 1974). In addition,
interacting directly with a transcription factor.
B. subtilis GS is not subject to any known form of post-
The response of enteric bacteria to nitrogen limitation
translational modification (Fisher and Sonenshein, 1984).
is an example of a well characterized regulatory system The nitrogen signal regulating the DNA binding activity
(Magasanik, 1996; Merrick and Edwards, 1995). Gluta- of TnrA has not been identified. Two experimental obser-
mine acts as the metabolic signal for nitrogen availability vations indicate that this signal inhibits TnrA activity in
in these organisms. The intracellular concentration of cells growing with excess nitrogen. First, since purified
glutamine is significantly lower in these bacteria during TnrA protein binds to amtB promoter DNA with high
nitrogen-limited growth conditions than under nitrogen affinity and is sufficient to activate amtB transcription
excess (Ikeda et al., 1996; Hu et al., 1999). As a result, in vitro (Wray et al., 2000), TnrA appears to be the only
it is not surprising that glutamine synthetase (GS), which factor necessary for TnrA-dependent activation of gene
catalyzes the synthesis of glutamine from glutamate and expression. Second, TnrA-regulated genes are ex-
ammonium, is subject to several forms of regulation pressed constitutively in B. subtilis glnA mutants that
(Reitzer, 1996). The transcription of the GS structural lack GS activity (Wray et al., 1996). Thus, GS seems to
gene, glnA, as well as many other genes involved in transduce a nitrogen-related signal to TnrA that inhibits
scavenging for nitrogen-containing compounds, is acti- its DNA binding activity in the presence of excess nitro-
vated by the two-component Ntr regulatory system in gen. A simple model for this GS-dependent nitrogen
response to a decrease in the intracellular concentration signal is that GS participates in the synthesis of a metab-
of glutamine (Magasanik, 1996; Zimmer et al., 2000). The olite that binds to TnrA and blocks its DNA binding
activity. However, none of 61 different nitrogen-con-
taining compounds was able to inhibit the DNA binding1Correspondence: shfisher@bu.edu
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activity of TnrA in vitro (Wray et al., 2000). This result
raised the possibility that the B. subtilis GS protein di-
rectly regulates TnrA activity.
In this paper, we demonstrate that feedback-inhibited
B. subtilis GS forms complexes with TnrA and blocks
its ability to bind to DNA. Thus, we propose that, in
addition to its enzymatic role in nitrogen metabolism,
B. subtilis GS directly controls TnrA DNA binding activity
by a protein-protein interaction.
Results
Feedback-Inhibited Glutamine Synthetase
Blocks DNA Binding by TnrA
If B. subtilis GS directly regulates TnrA activity, GS must
be present in different conformations during nitrogen
excess and nitrogen limited conditions. The interconver-
sion of these two forms should be expected to be con-
trolled by one or more metabolites whose intracellular
concentration changes in response to nitrogen availabil-
ity. Interestingly, B. subtilis GS is subject to feedback
inhibition, and the binding of feedback inhibitors could
induce a structural alteration in the GS protein. Since
TnrA is inactive during nitrogen excess conditions where
feedback inhibition would occur, we examined the pos-
sibility that the feedback-inhibited form of GS blocks
TnrA DNA binding.
The effect of GS and feedback inhibitors on the DNA
binding activity of TnrA was analyzed with a DNA gel
mobility shift assay. The promoter region of the amtB-
glnK operon was used in these experiments because
high-level amtB-glnK expression during nitrogen-limited
growth is completely dependent on TnrA (Wray et al.,
1996). TnrA binding to the amtB promoter was strongly
suppressed when both GS and the feedback inhibitors
glutamine and AMP were present (Figure 1A). Since the
Figure 1. Effect of GS and Feedback Inhibitors on TnrA DNA BindingDNA binding activity of TnrA was not altered when either
(A) Gel mobility shift of amtB promoter DNA with TnrA. The DNAGS or the feedback inhibitors were added separately,
binding reactions contained combinations of 40 nM TnrA, 400 nMthese results indicate that feedback-inhibited GS blocks
GS, 20 mM glutamine (Gln), and 10 mM AMP as indicated. The
DNA binding by TnrA. In fact, the presence of glutamine protein concentrations correspond to TnrA dimers and GS do-
and AMP increased the inhibitory activity of GS by more decamers.
than 1000-fold (Figure 1B). (B) Inhibition of TnrA DNA binding by GS in the presence and ab-
sence of feedback inhibitors. A fixed amount of TnrA (100 nM) wasWhile all known inhibitors of GS enzymatic activity
incubated with various amounts of GS in the presence (filled circles)were able to stimulate the GS- dependent inhibition of
or absence (open circles) of the feedback inhibitors glutamine (20TnrA DNA binding, glutamine was the single most effec-
mM) and AMP (10 mM). Binding of TnrA to amtB promoter DNA was
tive compound (Table 1). Glutamine is also the most determined in gel mobility shift experiments.
potent inhibitor of B. subtilis GS enzymatic activity
(Deuel and Prusiner, 1974). Compounds like glycine and
alanine, which partially inhibit GS enzymatic activity ing of TnrA to DNA (data not shown). Second, feedback-
inhibited B. subtilis GS did not block binding of the Tn21(Deuel and Prusiner, 1974), caused partial inhibition of
TnrA DNA binding in the presence of GS (Table 1). Cumu- MerR protein to a DNA fragment containing the mer
operon promoter (data not shown), indicating that feed-lative inhibition of TnrA DNA binding was observed when
mixtures of different compounds were present. Other back-inhibited B. subtilis GS is not a nonspecific inhibi-
tor of DNA binding proteins.compounds, such as asparagine, aspartate, homogluta-
mine, and D-glutamine, had no effect. In addition, the
inhibition of TnrA DNA binding by GS in the presence TnrA Directly Interacts with Feedback-Inhibited
Glutamine Synthetaseof glutamine was not reversed by the addition of ammo-
nium, 2-ketoglutarate, or glutamate. An in vitro pull-down assay using His6-tagged GS
showed a direct interaction between TnrA and feed-Two experimental observations suggest that the abil-
ity of feedback-inhibited B. subtilis GS to block DNA back-inhibited GS. The amino-terminal His6-tagged de-
rivative of GS used in this experiment had enzymaticbinding by TnrA is specific. First, E. coli GS in either the
presence or absence of four of its inhibitors (glycine, activity identical to that of native GS and was able to
block DNA binding by TnrA in the presence of feedbackalanine, serine, and AMP) did not interfere with the bind-
Nitrogen Signaling in Bacillus subtilis
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Table 1. Inhibition of TnrA DNA Binding by Glutamine




Glutamine 85  1.0
Glycine 58  1.5
Alanine 44  1.5
Serine 12  2.5 Figure 3. Native Protein Gel of GS-TnrA Complexes
Tryptophan 11  3.9 GS (10 nM) and various amounts of TnrA were incubated together
AMP 21  3.3 in the presence of 20 mM glutamine and then applied to a native
Glutamine, AMP 93  0.9 protein gel that also contained 20 mM glutamine. Following electro-
Glycine, AMP 63  1.0 phoresis, protein bands were visualized by silver staining. The pro-
Alanine, AMP 57  1.5 tein ratios correspond to the number of TnrA dimers for each GS
Serine, AMP 35  3.8 dodecamer.
Tryptophan, AMP 38  2.3
Glycine, Alanine, Serine 55  1.8
Glycine, Alanine, Serine, AMP 68  1.0 bated together in the presence of glutamine and run on
a Glutamine concentration was 20 mM. All other compounds were a native protein gel that also contained glutamine. Three
tested at 10 mM. The TnrA and GS concentrations were 100 nM slowly migrating complexes were seen with a ratio of
and 200 nM, respectively. In cells grown in minimal media containing two TnrA dimers for each GS dodecamer (Figure 3). At
excess nitrogen, the intracellular level of glutamine has been shown higher TnrA to GS ratios, additional TnrA appeared to
to be 19.8 mM (Fisher and Sonenshein, 1984). The intracellular level
bind to GS, although the individual complexes could notof other feedback inhibitors has not been determined in B. subtilis
be resolved. When this experiment was performed inunder these growth conditions.
b All values are the average of at least two measurements  the the absence of glutamine, no complex formation was
standard error of the mean. In the absence of any compounds, GS observed (data not shown). These results confirm that
inhibited TnrA DNA binding by 6.9  1.7%. a direct protein-protein interaction occurs between
feedback-inhibited GS and TnrA.
To test the possibility that feedback-inhibited GS co-
valently modifies TnrA, GS and TnrA were first incubatedinhibitors as efficiently as did native GS (data not
together in the presence of glutamine. Then the gluta-shown). His6-GS and TnrA were incubated together in
mine was removed by gel filtration and the ability ofthe presence and absence of glutamine, and then the
TnrA to bind to the amtB promoter was measured in aHis6-GS was bound to a small amount of Ni2-affinity
gel mobility shift assay. As a control, TnrA and GS wereresin. After the resin was washed to remove unbound
incubated together without glutamine and subjected toproteins, EDTA was used to elute proteins retained on
the same experimental manipulations. Since TnrA prein-the resin. Samples of the EDTA-eluted proteins were
cubated with GS in the presence or absence of gluta-analyzed by SDS polyacrylamide gel electrophoresis
mine had similar levels of DNA- binding activity (data(Figure 2). His6-GS bound to the Ni2-affinity resin in
not shown), feedback-inhibited GS does not appear toboth the presence and absence of glutamine, but TnrA
modify and inactivate TnrA irreversibly.was only retained on the resin when both His6-GS and
glutamine were present (Figure 2), showing that feed-
Isolation and Characterization of tnrAback-inhibited GS and TnrA form a complex.
Constitutive MutationsThe interaction between GS and TnrA was also visual-
To identify mutations in tnrA that cause constitutivelyized by native protein gel electrophoresis. In this experi-
active gene expression (tnrAC), mutants that expressedment, GS and increasing amounts of TnrA were incu-
amtB at a high level in the presence of excess nitrogen
were isolated (see Experimental Procedures). Genetic
mapping experiments showed that 15 of the 26 isolated
mutants contained mutations that were tightly linked
to tnrA. The 11 other mutants were found to contain
mutations linked to glnA, the gene encoding GS, and
will be described elsewhere.
Alignment of the B. subtilis TnrA sequence with its
homologs from Bacillus halodurans and Bacillus stearo-
thermphilus reveals that these proteins have two sepa-
rate regions of homology (Figure 4). The N-terminal re-
gion, which is conserved in the MerR family of proteins,
contains 75 amino acid residues and includes the DNA
binding domain (Wray et al., 2000; Zheleznova and Bren-
nan, 2001). A variable length linker connects the N-termi-
nal domain with a conserved 18 amino acid C-terminalFigure 2. SDS Gel of Proteins Eluted from Ni2-Affinity Resin
region. Sequence analysis of the tnrAC mutants identi-
Various combinations of His6-GS (10 nM), TnrA (200 nM), and gluta- fied five unique mutations in the tnrA gene, all of whichmine (2 mM) were incubated together and loaded onto a Ni2-affinity
were alterations in the C-terminal region (Figure 4). Threeresin. Proteins bound to the resin were eluted with EDTA, run on
an SDS polyacrylamide gel, and visualized by silver staining. tnrAC missense mutations alter amino acid residues in
Cell
430
Figure 4. Alignment of Bacillus TnrA Proteins
The amino acid sequence of B. subtilis TnrA is
aligned with its homologs from B. halodurans
(Takami et al., 2000) and B. stearothermophi-
lus (Bacillus stearothermophilus Genome Se-
quencing Project, http://www.genome.ou.edu/
bstearo.html). Amino acid residues that are
identical in all three proteins are indicated
with an asterisk (*); positions with similar
amino acids are indicated with a dot. The two
conserved domains are boxed and the puta-
tive helix-turn-helix DNA binding motif (Wray
et al., 2000) is indicated. The location of the
B. subtilis TnrAC missense mutations are indi-
cated by the arrows pointing to the amino
acid replacements; nonsense mutations are
denoted by the arrows pointing to the crossed
circle symbol.
the conserved C-terminal domain, while two tnrAC non- the DNA binding activity of the TnrAC proteins. These
experiments revealed that feedback-inhibited GS has asense mutations delete this domain from the mutant
proteins. greatly reduced ability to block the DNA binding activity
of the TnrAC proteins compared to wild-type TnrA (FigureTo examine the effect of the tnrAC mutations on the
expression of a TnrA-regulated gene, -galactosidase 5). DNA binding by the TnrAC213 protein, which lacks the
conserved C-terminal domain, is essentially unaffectedlevels were assayed in wild-type and tnrAC mutant
strains containing an amtB-lacZ fusion. In wild-type by high concentrations of feedback-inhibited GS. The
TnrAC204 and TnrAC210 proteins, which contain missensecells, amtB expression is 3,500-fold higher in cells grown
with limiting nitrogen (glutamate) than in cells grown mutations, have intermediate levels of sensitivity to
feedback-inhibited GS. Since these mutant proteinswith excess nitrogen (glutamate plus ammonium) (Table
2). In cells grown with excess nitrogen, the -galactosi- have DNA binding affinities that are similar to that of the
wild-type protein (Table 2), the constitutive activities ofdase levels observed in strains containing the tnrA202,
tnrA204, or tnrA10 missense alleles were 1,300 to 2,000- the TnrAC proteins most likely result from a defect in their
interaction with feedback-inhibited GS. Indeed, whenfold higher than in the wild-type strain and were only
derepressed about 2-fold by nitrogen limitation. The native protein gel electrophoresis was used to examine
the interaction between TnrAC213 and GS, no complexestnrAC mutants containing the tnrA212 and tnrA213 non-
sense mutations had similar -galactosidase levels in were observed (Figure 3). All together, these results indi-
cate that the signal recognition domain of TnrA, likecells grown with either excess or limiting nitrogen. These
tnrAC mutations have the same phenotype as the that of other members of MerR family, is located in the
C-terminal region of the protein, and that this domain isC-terminal truncation mutations in tnrA described by
Shin et al. (2000). required for the interaction between TnrA and feedback-
inhibited GS.To analyze their in vitro properties, several of the TnrA
constitutive proteins were overexpressed and purified.
The mutant proteins were found to have DNA binding Discussion
affinities that were similar to that of wild-type TnrA (Table
2). This result indicates that the constitutive activities Our data support a model for B. subtilis nitrogen regula-
tion in which DNA binding by the transcription factorof the TnrAC proteins do not result from increased affinity
for DNA. The gel mobility shift assay was then used to TnrA is controlled by a protein-protein interaction with
GS. The in vitro results presented here demonstrate thatanalyze the ability of feedback-inhibited GS to block
Table 2. Constitutive tnrA Mutations
-Galactosidase Specific Activity (U/mg
Protein) in Cellsa Grown on:
tnrA allele Amino Acid Change Codon Change Kd (nM)b Excess Nitrogen Limiting Nitrogen Induction Ratio
wild-type — — 11 0.03 105 3500
tnrA202 Glu98→Gly GAG→GGG 17 63 99 1.6
tnrA204 Gly99→Glu GGG→GAG 12 43 84 2.0
tnrA210 Gly99→Arg GGG→AGG 15 44 98 2.2
tnrA212 Gln91→ocher CAA→TAA NDc 62 52 0.8
tnrA213 Gln84→amber CAG→TAG 25 51 53 1.0
a All strains contained the amyE::[(amtB-lacZ)416 neo] lacz transcriptional fusion.
b DNA binding affinities of purified TnrA proteins for the amtB promoter region were determined as previously described (Wray et al., 2000)
using the binding buffer described in the Experimental Procedures.
c ND, not determined.
Nitrogen Signaling in Bacillus subtilis
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The only compounds shown to modulate the ability
of GS to block TnrA DNA binding are known feedback
inhibitors of B. subtilis GS. Presumably, the binding of
feedback inhibitors to GS alters the GS protein confor-
mation and enhances the affinity of GS for TnrA. This
model for nitrogen regulation predicts that the concen-
trations of all potential GS feedback inhibitors would be
reduced to the lower limits of their physiological range
during nitrogen-limited growth and thus relieve the GS-
dependent inhibition of TnrA DNA binding. Interestingly,
one of the glnA mutants that results in constitutive amtB
expression encodes a GS that is resistant to feedback
inhibition by glutamine (our unpublished results). This
mutant GS is also deficient in its ability to block the in
vitro DNA binding activity of TnrA. The phenotype and
in vitro properties of the feedback-resistant GS mutant
also support the proposed role of feedback-inhibited
GS in the regulation of TnrA and suggest that glutamine
is the primary metabolic signal in regulating TnrA ac-
tivity.
In B. subtilis, GS, which synthesizes glutamine from
ammonium and glutamate, is the only enzyme capable
of assimilating ammonium into cellular metabolites
(Fisher, 1999). As a result, the synthesis and activity
of GS are carefully controlled in response to nitrogen
availability. Many of the genes known to be regulated
by TnrA are involved in catabolic pathways for nitrogen
compounds (urea, nitrate, asparagine, -aminobutyrate)
whose degradation yields ammonium and glutamate,
the substrates for GS. Thus, it makes good sense for
the cell to use GS to monitor nitrogen availability and
regulate, via TnrA, the synthesis of enzymes that can
supply the cell with ammonium and glutamate. Although
we have not measured the relative levels of TnrA and
GS in the cell, the observation that TnrA positively regu-Figure 5. DNA Binding Activity of TnrAC Proteins Is Not Blocked by
lates its own expression (Fisher, 1999; Robichon et al.,Feedback-Inhibited GS
2000) suggests that low levels of TnrA are present in(A) Gel mobility shift of amtB promoter DNA with wild-type and
cells under nitrogen excess conditions. As a result, onlymutant TnrA proteins. The DNA binding reactions contained 100 nM
wild-type TnrA or TnrAC, 200 nM GS, 20 mM glutamine, and 10 mM a small portion of the GS protein would need to be in the
AMP as indicated. The TnrAC213 protein is deleted for 27 amino acids feedback-inhibited form to completely sequester and
at its C terminus and does not shift the amtB DNA fragment to the block TnrA regulatory activity when nitrogen is in excess.
same extent as the wild-type TnrA protein. TnrA DNA binding activity was shown to be blocked by
(B) Ability of feedback-inhibited GS to block DNA binding of wild-
feedback-inhibited B. subtilis GS, but not by feedback-type and mutant TnrA proteins. DNA binding reactions contained
inhibited E. coli GS. Since the primary and quaternaryvarious amounts of GS, 20 mM glutamine, 10 mM AMP, and 100
structures of the glutamine synthetases from B. subtilisnM wild-type TnrA (circle), TnrAC204 (triangle), TnrAC210 (square), or
TnrAC213 (diamond). The amount of TnrA bound to amtB promoter and enteric bacteria are remarkably similar, the regula-
DNA was determined in gel mobility shift experiments. tory properties of the B. subtilis GS cannot be attributed
to a novel protein domain within the B. subtilis enzyme.
The B. subtilis and enteric GS enzymes contain 12 identi-feedback-inhibited B. subtilis GS directly interacts with
cal subunits arranged as two back-to-back hexagonalTnrA, and that this interaction prevents TnrA from bind-
rings (Valentine et al., 1968; Deuel et al., 1970; Almassying to DNA. GS was previously shown to be required
et al., 1986). The subunit size of B. subtilis GS is compa-for the in vivo control of TnrA-regulated genes (Wray et
rable with that of the enteric enzymes, and there is signif-al., 1996). All of the mutations isolated in the screen
icant amino acid conservation throughout the B. subtilisfor mutants with constitutive expression of the TnrA-
and enteric proteins (Strauch et al., 1988; Eisenberg etregulated amtB gene are located in the tnrA and glnA
al., 2000). However, several structural differences havegenes. This observation argues that TnrA and GS are
been noted between these two enzymes. The B. subtilisthe only proteins involved in the regulation of amtB ex-
GS lacks a stretch of 25 amino acids that correspondpression in response to nitrogen availability. TnrAC pro-
to residues 154–177 of the Salmonella enterica GS se-teins that constitutively express TnrA-regulated genes
quence (Strauch et al., 1988). This region in the Salmo-in vivo have a reduced ability to interact in vitro with
nella enzyme corresponds to a protease-sensitive loopfeedback-inhibited GS. The convergence of these in
that extends into the central space of the dodecamervitro and in vivo results strongly argues that feedback-
(Almassy et al., 1986). The B. subtilis and enteric en-inhibited GS transduces the nitrogen regulatory signal
to TnrA by directly interacting with TnrA. zymes show different reactivities with proteases (Deuel
Cell
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pGLN108 contains a XbaI-XhoI DNA fragment from pGLN101 clonedet al., 1970; Kimura et al., 1991), photolabeling substrate
into pBAD18-Cm (Guzman et al., 1995). Overexpression plasmidsanalogs, and alkylating reagents (Deuel, 1971; Kimura et
of the tnrAC missense alleles were constructed by cloning DNAal., 1991; Nakano and Kimura, 1987; Tanaka and Kimura,
fragments obtained by PCR amplification into pET-22b (Novagen,
1991), indicating the presence of some different struc- Inc.). All cloned genes were sequenced to confirm the fidelity of the
tural interactions. Thus, it appears that divergence be- PCR amplification.
A spectinomycin resistance gene (spc) was placed immediatelytween the amino acid sequence of the B. subtilis and
downstream of tnrA to facilitate genetic mapping. Plasmid pTNR100enteric enzymes is responsible for the ability to interact
was constructed by cloning an EcoRI- BamHI fragment containingwith TnrA.
the tnrA gene from pTNR14 (Wray et al., 1998) into pJDC9 (ChenThe B. subtilis GlnR protein also requires GS for in
and Morrison, 1987). PCR amplification of B. subtilis chromosomal
vivo regulation. During growth in excess nitrogen, GlnR- DNA with primers 5-ATATGGATCCTTAATGCTCACTTTCGG and
regulated genes are expressed constitutively in a glnA 5- GACGGTTGATGATATTATCGACG was used to generate a 705
bp DNA fragment containing a region located downstream of tnrA.null mutant (Schreier et al., 1989; Wray et al., 1997).
After digestion with BamHI and HindIII, this DNA fragment wasThese results suggest that repression of gene expres-
cloned into pTNR100 to give pTNR101. A DNA fragment containingsion by GlnR requires a nitrogen signal provided by GS.
the spc gene was inserted into the BamHI site of pTNR101 to giveBy analogy to the model for the regulation of TnrA by
pTNR103. The spc gene was integrated downstream of the chromo-
GS, it seems reasonable to predict that feedback-inhib- somal tnrA gene by transformation with linearized pTNR103 and
ited GS would increase the DNA binding activity of GlnR selection for spectinomycin resistance. The tnrA(spc) nomenclature
is used to denote the insertion of a spectinomycin resistance geneby directly interacting with GlnR. However, this proposal
immediately downstream of the tnrA gene.is not supported by in vitro data. GlnR binds to the glnRA
To generate a histidine auxotroph, the hisD gene was disruptedpromoter region with high affinity in the absence of GS
with a neomycin antibiotic resistance gene (neo). A DNA fragment(Brown and Sonenshein, 1996). While GS has a small
containing hisD was obtained by PCR amplification of B. subtilis
stimulatory effect on the DNA binding activity of GlnR, chromosomal DNA. A 901 bp DNA fragment internal to the hisD
the mechanism responsible for this enhancement is not gene obtained by digestion of the PCR product with BsaWI was
cloned into the XmaI site of pMTL24P (Chambers et al., 1988) toknown (Brown and Sonenshein, 1996). Moreover, there
construct plasmid pHIS2. Plasmid pHIS3 contains the neo geneis no significant amino acid sequence similarity between
inserted into a unique PstI of pHIS2 that lies within the hisD codingthe C-terminal domains of the TnrA and GlnR proteins
region. Histidine auxotrophs were obtained by transformation of(Wray et al., 1996). Experiments to explore the role of
B. subtilis cells with linearized pHIS3 with selection for neomycin
GS in controlling GlnR activity are currently in progress. resistance.
While the activity of most prokaryotic transcription
factors is controlled by metabolites, protein-protein in- Growth Media and -Galactosidase Assays
teractions do occur in some regulatory systems. For Methods used for bacterial cultivation have been described pre-
viously (Atkinson et al., 1990). B. subtilis cells were grown in theexample, the activity of E. coli MalT is controlled by
minimal medium of Neidhardt et al. (1974) containing 0.5% (w/v)antagonistic binding of the inducer, maltotriose, and the
glucose as the carbon source. Nitrogen sources were 0.2% (w/v)MalY protein (Schreiber et al., 2000). Proteolytic degra-
glutamate and/or 0.2% (w/v) ammonium chloride. Extracts of cellsdation of the B. subtilis competence transcription factor,
harvested during exponential growth were used to assay -galac-
ComK, is regulated by its interaction with the MecA and tosidase activity (Atkinson et al., 1990). One unit of -galactosidase
ClpC proteins (Turgay et al., 1998). The activity of many activity produced 1 nmol of o-nitrophenol per minute. Agar plates
were prepared with BSS minimal medium (Atkinson et al., 1990). factors is known to be modulated by interaction with
anti- factors (Helmann, 1999). The regulation of TnrA
activity by GS is unique in that GS also plays a key Mutant Isolation
Three different procedures were used to isolate mutants that haverole in nitrogen metabolism. This is a novel regulatory
high-level expression of an amtB-lacZ fusion in the presence ofparadigm in which an enzyme from central metabolism
excess nitrogen. This first procedure used a histidine auxotroph todirectly transduces nutrient availability to a transcription
isolate suppressor mutations that were able to utilize D-histidine for
factor. Interestingly, the Saccharomyces cerevisiae hex- growth. This selection has been used previously to isolate B. subtilis
okinase 2 protein may have a direct role in controlling mutants with altered GS activity (Dean and Aronson, 1980; Hu et
al., 1999). The mutants obtained by this selection presumably in-the expression of several genes involved in carbon me-
crease the expression of the enzymes or permeases necessary fortabolism (Rodrı´guez et al., 2001). Thus, the ability of
the conversion of D-histidine to L-histidine. Cells of strain SF402HSenzymes to regulate gene expression by interacting with
(amyE::[(amtB- lacZ)402 cat] hisD::neo tnrA(spc) trpC2) were platedthe cellular transcriptional machinery may be a wide-
on glucose minimal medium containing 20 g D-histidine per ml,
spread, although unrecognized, phenomenon. 40 g of the chromogenic -galactosidase substrate 5-bromo-4-
chloro-3-indolyl -D-galactoside (X-Gal) per ml, and either ammo-
nium or glutamate as nitrogen sources. Both blue and white coloniesExperimental Procedures
appeared after several days incubation at 37C; blue colonies were
selected for further characterization. In the second mutant isolationStrains and Plasmids
An overexpression plasmid for B. subtilis GS was constructed in procedure, strain SF402S (amyE::[(amtB-lacZ)402 cat] tnrA(spc)
trpC2) was grown overnight in glucose minimal medium containingtwo steps. First, a SacI- HindIII fragment from pSF14 (Fisher et al.,
1984) containing the 5 region of the glnA gene was cloned into 0.05% 2-aminopurine and glutamate plus ammonium as the nitrogen
sources. These cells were used to inoculate cultures in the samepBAD18-Cm (Guzman et al., 1995) to give pGLN66. Next, pGLN68
was constructed by cloning a HindIII-HindIII fragment with the 3 medium and were grown for three hours in the presence of 0.2%
ethyl methane sulfonate. Mutagenized cells were then spread ontoend of the glnA gene into pGLN66. To place a 6	 His-tag at the
amino terminal end of GS, plasmid pGLN101 was constructed by glucose X-Gal minimal medium plates containing ammonium as the
nitrogen source and screened for blue colonies. In the third method,cloning an NdeI-XhoI DNA fragment obtained from PCR amplifica-
tion of the glnA gene with primers 5-AGACAGTCATATGGCAAAG strain SF402S was mutagenized with N-methyl-N-nitro-N-nitroso-
guanidine (Cutting and Vander Horn, 1990), plated onto glucoseTACACTAGAGAAG and 5-AGTCCTCGAGTGCCGCTCCATAATT
TATTACC into pET-28b (Novagen, Inc.). Overexpression plasmid X-Gal minimal medium that contained glutamate plus ammonium as
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the nitrogen sources, and screened for blue colonies. Since mutants phoresis, pooled, diluted with one volume of Buffer C, and loaded
onto a 1.0 cm	 10 cm MonoS column (Amersham Parmacia Biotech)containing a loss-of-function mutation in glnA express amtB consti-
tutively and require glutamine for growth, glutamine was not in- equilibrated with Buffer C containing 300 mM NaCl. TnrA was eluted
with a 500 to 800 mM 160 ml linear NaCl gradient in Buffer C.cluded in the plates used for mutant isolation in order to avoid the
isolation of mutants with this genotype. Fractions containing TnrA were identified by SDS polyacrylamide
gel electrophoresis, pooled, and concentrated by centrifugal filtra-From these three procedures, 246 blue colonies were selected
for further analysis. Formation of blue colonies on X-Gal plates could tion with Centriplus YM-10 devices (Amicon) to 2 to 5 mg per ml.
Aliquots were frozen in liquid nitrogen and stored at 
80C.result from constitutive expression of the amtB-lacZ fusion or from
the overproduction of endogenous -galactosidases. Since the E.
coli lacZ gene produces a -galactosidase that is more thermolabile
Electrophoretic Mobility Shift Assay for DNA Binding
than the endogenous B. subtilis enzymes, mutants were screened
The analysis of TnrA DNA binding to a 164 bp fragment of the amtB
at 48C on glucose X-Gal minimal medium plates containing excess
promoter was performed essentially as described previously (Wray
nitrogen for growth as white colonies. This procedure revealed that
et al., 2000). The binding conditions were altered slightly and con-
only 26 of the 246 blue colonies resulted from the overexpression
tained 50 mM Tris (pH 8), 150 mM sodium glutamate, 30 mM MgCl2,of the amtB-lacZ fusion.
1 mM dithiothreitol, 100 g/ml bovine serum albumin, 50 g/ml
To identify constitutive mutations in GS, chromosomal DNA from
poly(dA-dT)·poly(dA-dT), 0.05% (v/v) Triton X-100, 5% (v/v) glycerol,
the mutants was used to transform a glutamine auxotroph, strain
and 25 pM amtB DNA fragment. After incubation at 30 for 20 min,
SF14 (glnA14::spc trpC2) (Wray et al., 1997) to Gln by selecting
samples were loaded onto a polyacrylamide gel prepared with 50
for Gln transformants on glucose X-Gal minimal medium plates
mM Tris (pH 8.2) and 50 mM taurine. The gel was run at 8V per cm
containing glutamate and ammonium as the nitrogen sources.
during sample loading and the voltage reduced to 4V per cm 10
Eleven of the constitutive mutants had close linkage (83% to 96%)
min after the last sample was loaded.
between the Gln and blue colony phenotypes. The spectinomycin
Although these experiments utilized a physiological glutamate
resistance gene located adjacent to the tnrA gene was used to map
concentration (Hu et al., 1999; Fisher and Sonenshein, 1984), the
the 15 remaining mutants. Chromosomal DNA from the mutants was
inhibition of TnrA DNA binding by feedback-inhibited GS was also
used to transform strain SF416 (amyE::[(amtB-lacZ)416 neo] trpC2)
observed when glutamate was replaced by acetate (data not shown).
(Wray et al., 1998) with selection for the tnrA linked spc marker.
B. subtilis GS is unstable at low concentrations unless Mg2 or Mn2
Transformants were plated onto LB X-Gal plates and the colony
salts are present (Deuel and Stadtman, 1970). Feedback-inhibited
color examined after several days of incubation at 37C. For all
GS only blocked TnrA DNA binding when one of these metal cations
fifteen of these mutants, the mutation causing constitutive amtB-
was included in the incubation buffer (data not shown).
lacZ expression was tightly linked (98%) to tnrA. The tnrA genes
from these mutants were PCR amplified and sequenced.
Ni2-Affinity Chromatography
The binding experiments between His6-tagged GS and TnrA were
Protein Purification performed with an incubation buffer containing 50 mM Tris (pH 8),
Plasmid pGLN68 was used to overexpress B. subtilis GS in an E. 200 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.05% (v/v) Triton X-100,
coli strain, YMC11, that contains a chromosomal deletion of its glnA and 5% (v/v) glycerol. The samples had a volume of 400 l and
gene (Backman et al., 1981). Cells were grown at 30C in SB medium contained various combinations of the His6-tagged GS (10 nM), TnrA
(Wray et al., 2000) supplemented with 0.4% (w/v) glutamine, 0.2% (200 nM), and glutamine (2 mM). Following a 60 min incubation, fifty
ammonium chloride, and 15 mg per liter chloramphenicol. Cultures
l of preequilibrated 50% suspension of the Ni2-affinity resin (Ni-
were grown to mid-log phase and GS expression induced by the NTA Agarose, Qiagen) was added to each sample and the incubation
addition of arabinose to 0.2% (w/v). After three hours of induction, continued for 30 min on a rocking platform. Samples were then
cells were harvested by centrifugation, washed with buffer A (50 transferred to microcentrifuge filter devices (Ultrafree-MC, Millipore)
mM imidiazole [pH 7.0], 0.2 mM EDTA and 0.5 mM DTT) and stored and filtered by centrifugation at 700 	 g for 1 min. The Ni2-affinity
at 
80C. Frozen cells from 250 ml of culture were resuspended in resin was washed four times with 200 l of incubation buffer. Two
10 ml of Buffer A containing 1 mM phenylmethylsulfonyl fluoride 50 l washes with 50 mM EDTA were used to elute the proteins
and disrupted by passage of the suspension through a French pres- bound to the Ni2-affinity resin. Protein samples were applied to an
sure cell at 16,000 lb/in2. The cell debris was removed by centrifuga- SDS polyacrylamide gel and bands visualized by silver staining.
tion. Streptomycin sulfate precipitation and ammonium sulfate frac-
tionation were performed as described by Deuel et al. (1970). The
Native Protein Gel Electrophoresisprecipitate from the final ammonium sulfate fractionation was resus-
GS (10 nM) and various amounts of TnrA were incubated togetherpended in one ml of Buffer A containing 1 mM MgCl2. The entire
for 20 min in a buffer containing 20 mM Tris (pH 8), 40 mM sodiumsample was loaded onto a 2.6 cm 	 60 cm S400 (Amersham Phar-
glutamate, 4 mM MgCl2, 1 mM DTT, 0.05% (v/v) Triton X-100, andmacia Biotech) column equilibrated with Buffer A containing 1 mM
5% (v/v) glycerol. Samples were loaded onto a native protein gelMgCl2. GS was eluted with the same buffer and identified by sodium
(Bollag et al., 1996) with a 6% polyacrylamide (acrylamide:bisacryl-dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. Fractions
amide, 49:1 w/w) separating gel and electrophoresed for 5 hr atcontaining GS were pooled and concentrated by centrifugal filtration
4V/cm. Protein bands were visualized by silver staining. In somewith Centriplus YM-100 (Amicon) devices to 50 to 200 mg per ml.
experiments, 20 mM glutamine was included in the incubationThe concentrated GS was diluted with one volume of 2	 storage
buffer, polyacrylamide gel, and gel buffer.buffer (80% glycerol, 40 mM Imidiazole [pH 7.0], 20 mM MgCl2,
0.1 mM EDTA, and 6 mM DTT) and stored at 
80C. His6-tagged
GS was prepared by the same protocol except that a 45% to 60%
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